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Abstract.  Capacitance  and  conductance- voltage  characteristics  have  been  measured  at  various  fre- 
quencies and  temperatures  for  a Schottky  barrier  structure  containing  three  sheets  of  self-organized 
InAs  quantum  dots  in  an  n-GaAs  matrix.  The  capacitance  of  the  structure  consists  of  bulk  and 
quantum  dot  contributions,  whereas  the  conductance  mainly  depends  on  the  electron  transfer  out 
of  the  dots,  which  is  a function  of  the  balance  between  measurement  frequency  and  the  thermionic 
emission  rate  of  carriers  from  quantum  dots.  An  analysis  of  the  temperature-dependent  conduc- 
tance of  the  structure  gives  information  about  the  electronic  structure  and  electron  emission  rate 
from  the  quantum  dots. 


Introduction 

In  the  last  few  years  considerable  attention  has  been  given  to  both  experimental  and  theo- 
retical studies  of  electronic  structure  of  self-organized  quantum  dots  (QDs)  1 1-4|.  Recently 
it  was  shown  that  when  the  distance  between  adjascent  QD  layers  is  below  100  A the  ver- 
tical alignment  of  the  QDs  is  observed,  resulting  in  a change  in  the  electronic  structure 
of  the  stacked  QDs  [1,  2|.  In  this  paper  we  provide  an  analysis  of  the  frequency-  and 
temperature-dependent  capacitance  (C)  and  conductance  (G)  of  structures  with  stacked 
InAs  QDs  incorporated  in  an  n-type  GaAs  matrix.  This  approach  allows  us  to  study  the 
electronic  structure  and  dynamic  features  of  electron  trapping  into  the  stacked  QDs. 

1 Results  and  discussion 

The  samples  with  embedded  sheets  of  self-organized  InAs  QDs  in  an  n-GaAs  matrix,  were 
grown  by  molecular  beam  epitaxy  on  n+-GaAs  (001).  The  QD  section  consists  of  three 
sheets  of  InAs  QDs  with  a 50  A thick  GaAs  spacer  inserted  between  successive  InAs  island 
layers.  The  QD  section  was  sandwiched  between  a 0.5  /xm-thick  GaAs  cap  and  a 1 jtm- 
thick  GaAs  buffer  layer.  Both  the  cap  and  buffer  layers  were  uniformly  doped  with  Si  at 
2xl0'^  cm“^  except  for  100  A thick  undoped  spacers  on  each  side  of  the  QD  section. 
Schottky  barriers  were  made  by  depositing  Au  through  a shadow  mask  (350  jtm  diameter). 
The  C(V)  and  G(V)  characteristics  were  measured  over  a frequency  range  / from  10  kHz 
to  1 MHz  using  an  HP4275A  LCR  meter.  The  amplitude  of  the  measuring  signal  (Vqsc) 
was  1 0 mV. 

At  1 00  K there  is  a plateau  from  —2.0  V to  —3.6  V in  the  C(V ) characteristic  related  to 
the  discharging  of  the  QDs  (Fig.  1 (a))  [4].  For  temperatures  below  70  K,  the  plateau  in  the 
C(V)  characteristic  is  suppressed  and  a peak  appears  in  G(V)  (Fig.  1).  The  capacitance  is 
measured  by  superimposing  a small  ac  signal  Vosc  at  a frequency  / on  the  applied  dc  reverse 
bias  Urev-  Note  that  Vosc  causes  a modulation  of  the  charge  both  at  the  edge  of  the  space 
charge  region  (d  Qsd)  and  at  the  point  where  the  the  bulk  chemical  potential  (jt)  in  the 
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Fig.  1.  Temperature  dependence  of  (a)  the  C(V')  and  (b)  the  G(V)  characteristics  of  QD  structures 
measured  at  / = 100  kHz.  The  insert  shows  the  conduction  band  diagram  of  the  structure.  The 
horizontal  line  represents  the  electron  subband  energy  level  Eqd  in  the  QDs, 


GaA.s  matrix  crosses  the  density  of  electron  states  (DOS)  in  the  QD  layer  (clQqd)  (inset  in 
Fig.  1). 

To  reach  equilibrium  between  the  QD  layer  and  adjacent  GaAs  layers,  the  thermionic 
emission  rate  of  electrons  (€„)  from  the  QDs  must  be  much  higher  than  a>  — 2nf.  The 
thermionic  emission  rate  depends  exponentially  both  on  the  temperature  and  the  energy  of 
the  QD  electron  levels: 


= fnO  exp 


-{Ec  - f'qd) 

kf 


(1) 


where  Ec  — ^qd  is  the  QD  energy  level  with  respect  to  the  bottom  of  the  conduction  band 
and  e„o  is  a characteristic  parameter  of  the  QDs. 

As  the  temperature  decreases,  becomes  smaller  than  cu,  i.e.  carriers  freeze  onto  the 
QD  levels  [4|.  This  manifests  itself  as  a decrease  of  the  width  of  the  capacitance  plateau 
(Fig.  1(a))  and  the  appearance  of  a peak  in  the  G(V)  characteristics  (Fig.  1(b)).  G/a>  as 
a function  of  bias  goes  through  a maximum  when  w/e„  = 2 [5|.  The  conductance  peak 
moves  to  higher  Frev  as  temperature  increases,  since  the  array  of  QDs  has  a Gaussian  DOS 
function  and  deeper  (which  means  lower  thermal  activation  rates)  states  contribute  to  the 
signal  at  higher  (inset  in  Fig.  1). 

The  steady  state  occupation  probability  of  the  electron  levels  in  the  QDs  is  determined 
at  a given  temperature  by  the  Fermi-Dirac  function,  depending  on  the  relative  positions  of 
the  electron  level  in  the  QDs  (£qd)  and  the  bulk  chemical  potential  (x  in  the  GaAs  matrix 
[4  |.  The  sheet  concentration  of  QDs  was  found  to  be  Aqd  = 5x10**^  cm"^  from  plan-view 
transmission  electron  microscopy.  The  DOS  in  the  QD  sheet  may  be  approximated  by  a 
Gaussian  function,  which  describes  the  spread  of  energies  associated  with  the  distribution 
of  QD  sizes  [1].  By  fitting  the  C(V)  characteristic  measured  at  100  K (Fig.  2(a))  to  a 
quasi-static  model  [4]  we  find  that  the  DOS  in  the  QD  layer  corresponds  to  a Gaussian 
distribution  with  centre  at  £qd  = 70  meV  from  the  bottom  of  the  GaAs  conduction  band 
and  standard  deviation  of  A£qd  = 80  meV.  Calculation  of  the  C(V)  characteristics  of  the 
QD  structure  shows  that  the  region  of  quasi-constant  capacitance  from  —2.2  to  —3.6  V 
(Fig.  2(a))  is  associated  with  a decrease  in  the  concentration  of  electrons  in  the  plane  of 
the  quantum  dots  with  increasing  reverse  bias  Frev  (Fig.  2(b)).  This  allows  us  to  estimate 
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Fig.  2.  (a)  C(V),  (b)  A^qd(V),  and  (c)  Cqd(V)  characteristics  of  the  QD  structure  obtained  at  T = 
80  K:  experimental  data  (•)  and  model  calculations  ( — ) for  Nqd  = 5 x 10'°  cm“^,  Eqd  = 70  meV, 
and  A£qd  = 80  meV. 


the  capacitance  related  to  QDs  as  Cqd  = qclNq^/dV  (Fig.  2(c)),  where  q is  the  electron 
charge.  From  the  model  it  follows  that  the  Cqd(V)  has  a peak  at  Vrev  = —2.8  V,  when  the 
Fermi  level  crosses  the  maximum  of  the  DOS  in  the  QD  layer. 

The  thermionic  emission  rate  depends  exponentially  on  both  the  temperature  and  the 
energy  of  the  QD  electron  levels  (Eq.  ( 1 )).  Therefore,  by  varying  the  measurement  fre- 
quency and  the  temperature,  we  can  control  the  Cqd.  Figure  3 shows  (a)  C (T)  and  (b)  G (T) 
characteristics  of  the  QD  structure  measured  at  Vrev  = —2.8  V.  The  temperature  at  which 
the  feature  due  to  the  Cqd  recovers  in  Fig.  3(a)  depends  on  the  measurement  frequency. 
Each  step  in  capacitance  corresponds  to  apeak  in  conductance  (Fig.  3(a,b)).  Fig.  3(c)  shows 
G/T  oi  the  QD  structure  at  1 00  kHz  and  at  various  Vrev-  As  Vrev  is  changed  from  — 1 .7  V to 
—4.0  V the  position  of  the  conductance  peak  moves  to  higher  temperature  and  the  activation 
energy,  Aa,  determined  from  the  Arrhenius  plot  (insert  to  Fig.  3(c)),  changes  from  1 2 meV 
to  61  meV.  The  amplitude  of  the  conductance  peak  has  a maximum  at  Frev  = —2.8  V 
(Fig.  3(c)),  because  the  conductance  is  proportional  to  the  Cqd(V)  (Fig.  2(c))  and  therefore 
reflects  the  DOS  in  the  QD  layer  [5|. 

At  F-ev  = —2.8  V,  Aa  = 23  meV,  which  is  47  meV  lower  than  Eqd  determined  from 
the  quasi-static  analysis.  The  discrepancy  may  be  due  to  the  presence  of  an  excited  state 
between  the  ground  state  in  the  QDs  and  the  bottom  of  the  GaAs  conduction  band.  In 
addition,  there  is  a high  electric  field  around  the  QD  layer,  which  results  in  reduction  of  the 
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Fig.  3.  (a)  C(T)  and  (b)  G(T)  characteristics  of  QD  structure  at  Vrev  = —2.8  V.  (c)  Temperature 
dependence  of  conductance  measured  at  100  kHz  as  a function  of  the  Vrev  Insert  shows  Arrhenius 
plot  of  the  emission  rates. 

activation  energy. 

2 Conclusions 

We  have  investigated  the  frequency-dependent  admittance  spectra  of  an  n-GaAs  structure 
containing  self-organized  InAs  QDs.  We  find  that  the  the  quantum  dot  contribution  to 
C{T)  and  G(T)  characteristics  depends  on  the  relation  between  the  thermionic  emission 
rate  of  electrons  from  QDs  and  the  angular  measurement  frequency  a>.  Analysis  of  the 
admittance  spectra  provides  information  about  the  electron  emission  rate  from  the  QDs. 
Since  the  array  of  self-organized  QDs  has  a Gaussian  DOS,  we  can  study  different  parts  of 
the  QD  energy  spectrum  by  changing  Vrev 
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